Oxidation on Mars is primarily caused by the high influx of cosmic and solar radiation which interacts with the Martian surface. The evidence of this can be seen in the ubiquitous red colouration of the Martian sediment. This radiation will destroy most signals of life in the top few metres of the Martian surface. If organic carbon (one of the building blocks of life) is present within the accessible Martian sediments, it is very likely that it will have experienced some oxidation. ESA's ExoMars mission set to fly in 2018, has on board a miniaturised Raman spectrometer. As Raman spectroscopy is sensitive to carbonaceous material and will be primarily used to characterise organics, it is essential that the effect oxidation has on the Raman carbon signal is assessed. Oxidised carbonaceous shales were analysed using Raman spectroscopy to assess this issue. Results show that haematite has a band which occurs in the same frequency as the carbon D band, which cannot be distinguished from each other. This can lead to a misidentification of the carbon D band and a misinterpretation of the carbon order. Consequently, caution must be taken when applying Raman spectroscopy for organic carbon analysis in oxidised terrestrial and extraterrestrial environments, including on Mars.
1. Introduction
Oxidation on Mars
Due to an extremely thin atmosphere and lack of a global magnetic field, galactic cosmic rays (GCRs) and solar energy particles (SEPs) penetrate the Martian surface (e.g. Dartnell et al., 2007) . This irradiation reacts with H 2 O molecules and can generate HO. radicals which can produce peroxides or other oxidising species through reactions with elements in the Martian soil (Benner et al., 2000; ten Kate et al., 2005) .
The evidence of this oxidation can be seen in the ubiquitous red colouration of the Martian sediment, which is conferred from oxidised iron in the form of haematite, goethite or maghemite (Morris et al., 1997 (Morris et al., , 2000 . High concentrations of oxidised iron have been observed by MER Opportunity at Meridiani Planum (Hurowitz et al., 2010) and MSL Curiosity (Blake et al., 2013) at Gale Crater, and more widely at Gale Crater by CRISM (Fraeman et al., 2013) . This radiation will likely destroy any signatures of life such as biomarkers, over a thousand million years (Pavlov et al., 2013) , as well as cells or spores which lie in the top few metres of the Martian soil (ten Kate et al., 2005; Schuerger et al., 2006) . Therefore the effect radiation has on the preservation and detection of life is extremely important, in the search for life there.
Carbon in its reduced form is an important target for the search for life as it can represent past life or an energy stock for existing life (Parnell et al., 2013) . Finding well preserved organic matter is also the primary target for the ESA ExoMars rover landing site, due to fly in 2018. If organic matter is present within accessible Martian sediments, it is very likely that it will have experienced some oxidation (Hartman and McKay, 1995) . Therefore determining the effect of oxidation or oxidative weathering has on the carbon signal is fundamental to the search for life on Mars. The ExoMars rover will have capabilities to potentially drill beneath this oxidised zone (Vago et al., 2006) , where life signatures may still be preserved (Griffiths et al., 2006 , Zent, 1998 . However assessing the potential issues associated with organic detection in an oxidising environment would give useful insight into instrument capabilities, in preparation for this mission.
Raman spectroscopy for Mars
The popularity of Raman spectroscopy for sample characterisation has dramatically increased in the last 20 years, due to its expanding range of applications across many disciplines (Pérez and Martinez-Frias, 2006) . It is a non-destructive technique, which is important for remote missions, as conserving samples for analyses by other instruments is essential for maximising data extracted from each sample. It is sensitive to biomolecules and their components such as aromatic compounds, photo-synthetic and photo-protective pigments (Ellery and Wynn-Williams, 2003) . It has a wavelength range which covers most vibrational modes including carbonates, silicates and sulphates (i.e., most rockforming minerals) and metal oxides, therefore it can also be used for petrographic analysis (Haskin et al., 1997; Wang et al., 1998) . A micro laser Raman spectrometer is planned as part of the payload instrumentation for the 2018 European Space Agency ExoMars mission (Vago et al., 2006) . Experiments were carried out with this mission in mind, but can equally be applied to future surface landers.
Raman spectroscopy of organic carbon
Raman spectroscopy of carbonaceous material occurs at two wavelength bands. The first, known as 'first order bands' occur between 1100-1800 cm À 1 (Tuinstra and Koenig, 1970) . The spectra of organic material in this order is characterised by two main bands; the graphitic (G) band, which occurs at $1600 cm
; and the disordered (D) band, which occurs $ 1350 cm À 1 , as shown in Fig. 1 . The G band represents in-plane vibrations of aromatic carbons in the graphitic structure (Beyssac et al., 2002) . In highly ordered material this band shifts down to 1580 cm À 1 , and displays an additional band at 1620 cm À 1 , called disordered 2 (D2) (Beyssac et al., 2002) . In poorly ordered carbon it occurs as a broad band at 1600 cm À 1 in which the D2 shoulder cannot be resolved (Beyssac et al., 2002) . The D band is intense and broad in poorly ordered carbon. In more ordered carbon, the band area reduces with stiffening of the aromatic planes and is attributed to in-plane defects e.g., heteroatoms or structural defects (Beyssac et al., 2002) . The second order bands, occur between 2700-3100 cm À 1 , and displays a number of bands which relate overtone and combination scattering (Wopenka and Pasteris, 1993) .
To quantify the maturity of sp 2 carbonaceous material, common parameters are used and are outlined by Beyssac et al. (2002 Beyssac et al. ( , 2003 . The intensity ratio (R1) is D intensity / G intensity , and in general the R1 value increases with disorder. The area ratio (R2) is the D1 area /(G area þD1 area þD2 area ), and decreases with increasing metamorphic grade. In poorly ordered spectrum the D2 cannot be distinguished from the G band, therefore the D2 band will be disregarded in the R2 equation.
Raman spectroscopy of haematite and carbon
Work by Marshall and Olcott Marshall (2013) discusses the Raman spectrum of sp 2 carbonaceous material mixed with haematite. The haematite 2LO mode, which is attributed to defects in the haematite lattice, occurs in the frequency of the carbon D band (A1g mode). Fig. 2 shows the Raman spectra of haematite and sp 2 carbonaceous first order spectrum from an Ordovician carbonaceous mudstone. The haematite 2LO mode occurs around 1320 cm À 1 and is very intense, and overlaps the carbonaceous spectra. Oxidised spectral bands occurring in the haematite/carbon frequency will be referred to as 'D bands'; however it is a combination of carbon D band plus the haematite 2LO mode.
Experimental

Samples
Carbonaceous mudstone samples which display oxidative weathering were collected from four localities in the British Isles; Carboniferous, Ayrshire, Scotland; Devonian, Caithness; Ordovician, Langness peninsula, Isle of Man. Neoproterozoic, Tanera Beg, Summer Isles (Fig. 3 ). Samples were collected which displayed a boundary between oxidised and non-oxidised where possible.
The reddening of Carboniferous rocks in Ayrshire, Scotland occurred due to oxidation below the late Carboniferous-early Permian land surface (Mykura, 1960) . Analysis of stable haematite grains in Devonian rocks, Caithness shows reddening is dated to Permo-Carboniferous ages (Tarling et al., 1976) . Reddening in the Ordovician strata, Isle of Man, occurred after late Carboniferous -Permian uplift (Wang, 1992) . Neoproterozoic, Summer Isles has a Permian chemical remnant magnetisation age (Blumstein The relative amount of haematite in each specimen was determined petrographically. The Devonian sample has the most haematite (c. 20%) as it displays deep, penetrative oxidation through the majority of the sample. The Carboniferous and Neoproterozoic samples contain less haematite (c. 15%) than the Devonian sample but still display reddening which penetrates the surface. The Ordovician sample has the least haematite (c. 10%) as reddening is restricted to bedding surfaces.
Raman spectroscopy configuration
Raman spectra were obtained using a Renishaw InVia H36031 confocal Raman microscope operating at a wavelength of 514.5 nm green monochromatic laser light, which is similar to the 2018 ExoMars flight instrument wavelength of 532 nm. The laser power was 0.3 mW, avoiding laser-induced heating of the samples and photochemical transformation of Fe-oxides (de Faria et al., 1997) . A 50 Â objective lens was used giving a laser "footprint" of 1-3 mm (Beyssac et al., 2002) , with a static spectral range centred at 1400 cm À 1 . 8 s exposure time and 8 accumulations were acquired for each spectrum, giving a good signal to noise ratio. The high number of accumulations and exposure time was required to account for increased noise associated with oxidised samples. Spectra were processed using smooth, baseline subtraction and peak fit functions, using Renishaw WiRE 2.0 curve fitting software. Manual baseline subtraction was carried out using cubic spline interpolation function. Peak fitting used a combination of Guassian and Lorentzian algorithms. Due to the order of the carbon, D2 bands were not analysed as they could not be distinguished from the G band (Beyssac et al., 2002) . This deconvolution process was repeated 3 times for each spectrum to account for human errors associated with manual baseline subtraction.
Hydrofluoric acid treatment
Original samples were divided into oxidised and non-oxidised portions. Approximately 3 g of each sample was roughly crushed, by hand, using a pestle and mortar, and treated in 30 ml of hydrofluoric acid. Samples were stirred twice a day for two days to ensure all lithics were dissolved. Samples were then decanted 2 to 3 times a day, until a neutral pH was reached. Excess water was then pipetted off and remaining material was left to dry at room temperature. Samples were then re-analysed using the above settings. Oxidised samples displayed a red colouration after treatment indicating that not all of the iron oxide was removed. Fig. 4 shows representative spectra from whole rock analysis of oxidised and non-oxidised samples. The spectra from nonoxidised Carboniferous and Devonian samples display a broad G band around 1600 cm À 1 , and a broad, intense D band at 1345 cm À 1 . The Ordovician and Neoproterozoic spectra show a more intense, narrow G band compared to the Carboniferous and Devonian samples. The oxidised spectra are markedly different from the nonoxidised spectra. In general the spectra are noisy and have a low count rate (around 500 a.u). One of the most prominent differences is in the D band morphology, which shows an increase in band intensity and width compared to spectra from non-oxidised samples. In oxidised samples the G band also shows a decrease in intensity and width.
Results
Untreated spectral parameters
The order of the spectra can be quantified using R1 and R2 parameters (Beyssac et al., 2002) , which is shown in Fig. 5 . Nonoxidised R1 values for the Carboniferous, Devonian, Ordovician and Neoproterozoic are as follows, respectively; 0.5, 0.29, 0.74 and 0.45. According to Beyssac et al. (2002) R1 values decrease with increasing order of organic carbon. However in poorly ordered spectra, the D band is broad and has a low intensity, which gives a lower R1 ratio.
Average G band full width at half maximum (FWHM) against G band position is plotted in Fig. 6(a) . The Carboniferous nonoxidised sample has an average FWHM of 62.6 cm 
HF treated spectral parameters
To determine if the spectral change is associated with a haematite overprint, the samples were treated with hydrofluoric acid (HF) to concentrate the carbon, but also to remove the haematite. Fig. 7 shows representative spectra of hand crushed, oxidised and non-oxidised samples after hydrofluoric acid treatment.
Oxidised spectra from each sample group have changed spectra morphology after HF demineralisation. The main change is that the D band is no longer broad and intense, and oxidised spectra look very similar to the non-oxidised spectra.
Average G FWHM against G band position is plotted in Fig. 8(a) . The Carboniferous non-oxidised sample has an average FWHM of 67.7 cm 
Discussion
4.1. R1 and R2 parameters Fig. 5(a) is the R1 parameter for specimens both oxidised and non-oxidised, and there is a clear difference in R1 values. Nonoxidised samples plot around 0.5, and oxidised samples plot between 1 and 3. This increase in R1 value (assuming only carbon is present) would suggest that there is a decrease in order between non-oxidised and oxidised spectra. However as the presence of haematite has been established (based on the colour of the material and spectral bands present) it is evident that the increase in R1 value is due to the haematite 2LO band interfering with the carbon D band. Fig. 5(b) is the R2 parameter for specimens both oxidised and non-oxidised. Oxidised samples plot around 0.7 and non-oxidised plot around 0.6, as an increase in R2 ratio relates to a decrease in order. Therefore R2 ratios also show the interference from haematite, which overlaps the D carbon band.
After hydrofluoric acid treatment, the difference in R1 values between non-oxidised and oxidised samples is reduced. Fig. 5 (c) shows oxidised markers plotting in almost identical positions to non-oxidised markers. This demonstrates that the interfering haematite signal has been removed as a result of HF demineralisation. This shows that haematite interference is causing the change in spectral parameters in the D band frequency, and that the carbon is not affected by HF treatment. No other minerals envisaged to be in the sample e.g., quartz and clays have bands which are as intense, broad and occur in the D band frequency, as the haematite 2LO mode. Fig. 5(d) is the R2 ratio for oxidised and non-oxidised samples after hydrofluoric acid treatment. Oxidised samples have decreased in R2 value, plotting close to the non-oxidised samples, indicating the interfering haematite signal has been removed. Fig. 6(a) shows that G band FWHM increases with oxidation and the G band position decreases, in all three sample sets, which is highlighted by the arrows. Conventionally with decreasing order of organic carbon, the G band FWHM increases and the G band position increases. Therefore in oxidised samples there is a converse relationship in the Raman G band parameters. The reason for this relationship is not known, but could be attributed to uncertainties associated with measuring G band parameters in low ordered carbonaceous material outlined by Beyssac et al. (2003) . This shows that the majority of the interfering haematite signal has been removed. The slight discrepancy in values is interpreted to be caused by remnant haematite which has not been dissolved by the HF treatment. This is supported by the faint red colouration of samples after HF treatment.
G and D band FWHM vs G and D band position
Conclusions
Oxidation is prevalent on Mars and must be considered when selecting instrumentation for remote missions there. ESA's ExoMars mission set to fly in 2018, has as part of its payload instrumentation, a miniaturised Raman spectrometer. As Raman is sensitive to carbonaceous material and will be primarily used to characterise organics, it is essential that the effect oxidation has on the Raman carbon signal is assessed. Oxidised shales from the Carboniferous, Devonian and Ordovician were used as analogues to address this question. The morphology of the spectra from oxidised samples are markedly different from non-oxidised. There is a reduction in G band width and intensity, and an increase in D band FWHM and intensity, which is reflected in the R1 and R2 ratios. Assuming only carbon is present would suggest that oxidation decreases the carbon order. However based on the change in D band position it is clear that the haematite 2LO band at 1320 cm À 1 , it is overprinting the carbon D band in oxidised samples. This is further supported by hydrofluoric acid treatment which removed the majority of the haematite signal from oxidised samples. This can lead to a misidentification of the carbon D band and a misinterpretation of the carbon order. Therefore, caution must be taken when interpreting Raman spectra of carbon from oxidising environments, including on Mars. Oxidised samples show a shift similar Raman band parameters compared to nonoxidised samples indicating that the majority of haematite was removed. Error bars were calculated using one standard deviation of the population.
